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In Brief Hoang et al. performed directed differentiation of mouse embryonic stem cells into spinal V1 interneurons involved in sensory-motor control. They show that stem cell-derived neurons acquire subtype-specific identity and function, including the ability to form cell typespecific synaptic connections in vitro.
INTRODUCTION
Assembly of neural circuits, a fundamental process in the construction of a functioning nervous system, depends on the diversification of developing neurons into highly specialized subtypes with stereotyped connectivity and function. Multiple developmental processes contribute to the program of neuronal subtype specification, beginning with stratification of the neuroepithelium into discrete progenitor domains, followed by progenitor diversification into distinct subtypes characterized by cell type-specific patterns of gene expression, function, and synaptic connectivity. Considerable progress has been made toward understanding the signaling molecules and transcription factors (TFs) that pattern the neuroepithelium into different progenitor domains (Hé bert and Fishell, 2008; Hoch et al., 2009; Jessell, 2000) , but the mechanisms contributing to diversification of cells into distinct neuronal subtypes are less well understood.
The spinal cord represents an appealing system in which to explore this question. Specification of spinal neuronal identity is controlled by a coordinated interplay of signaling molecules, chief among them retinoic acid (RA) produced by the paraxial mesoderm and gradients of transforming growth factor b (TGFb) and sonic hedgehog (Shh) emanating from the roof and floor plates, respectively (Briscoe and Ericson, 2001; Jessell, 2000) . These signaling systems divide the developing neural tube into 13 progenitor domains, each giving rise to a cardinal class of neurons-motor neurons (MNs), as well as multiple classes of interneurons (INs) that act to fine-tune sensorimotor circuits (Goulding, 2009; Jessell, 2000) .
Recent lineage tracing experiments revealed that inhibitory ventral V1 INs arising from the p1 progenitor domain exhibit considerable molecular diversity Gabitto et al., 2016; Sweeney et al., 2018) . It is estimated that nearly 50 V1 IN subtypes can be identified in the developing spinal cord based on combinatorial expression of 19 TFs. These V1 IN subtypes can be segregated into four non-overlapping clades with characteristic transcriptional profiles, settling position in the spinal cord, physiological differences, and synaptic connectivity Gabitto et al., 2016) . It remains to be determined whether individual clades emerge from shared or distinct p1 progenitors and whether their diversification is controlled by intrinsic or extrinsic signaling mechanisms.
Arguably, the best characterized V1 IN subtype are Renshaw cells (RCs), which receive excitatory inputs from MN axon collaterals and, in turn, inhibit MNs, forming a recurrent inhibitory circuit that powerfully suppresses MN firing (Bhumbra et al., 2014; Moore et al., 2015) . Although other V1 INs are known to provide inhibitory synaptic inputs onto MNs, RCs are the only known inhibitory IN cell type in the spinal cord to receive inputs from MN collaterals (Alvarez et al., 2013; Alvarez and Fyffe, 2007; Eccles et al., 1954; Renshaw, 1946) . Despite over half a century elapsing since the original description of the RC-MN circuit, the mechanisms controlling the formation of such a precise and highly selective synapse remain obscure.
We took advantage of directed differentiation of mouse embryonic stem cells (mESCs) to explore the mechanisms controlling V1 IN diversification and acquisition of subtype-specific properties, including formation of specific and functional synaptic contacts . We demonstrate that the Notch and retinoid signaling pathways control V1 clade specification and generation of RCs in particular. Through a series of transplantation, trans-synaptic rabies virus tracing, optogenetics, and whole-cell patch-clamp electrophysiology studies, we find that embryonic stem cell (ESC)-derived MNs and RCs engage in interactions typical for recurrent inhibitory circuits. Therefore, this simplified in vitro model represents an experimentally accessible system to study the acquisition of IN subtype identity and connectivity.
RESULTS

Directed Differentiation of V1 Interneurons from Mouse ESCs
To explore the subtype diversification of spinal V1 INs, we employed directed differentiation of mouse ESCs. Nascent V1 INs transiently express the TF Engrailed-1 (En1) as they migrate to their final position in the ventral horn of the developing spinal cord (Sapir et al., 2004) . We derived V1 IN reporter ESC lines from En1 Cre mice crossed to ROSA26 Lox-STOP-Lox-tdTomato or En1 Cre x ROSA26 Lox-STOP-Lox-eGFP mice (Kimmel et al., 2000; Madisen et al., 2010; Sapir et al., 2004) , hereafter referred to as En1-tdTomato or En1-GFP ESCs. We anticipated that efficient specification of V1 INs would depend on high levels of RA to activate the V1 progenitor patterning genes Pax6, Irx3, and Dbx2 (Novitch et al., 2003; Pierani et al., 2001) and low levels of smoothened agonist (SAG), a downstream effector of the ventralizing signal Shh, to activate expression of the p1 progenitor determinant Nkx6.2 (Briscoe and Ericson, 2001; Wichterle et al., 2002) . Treatment of embryoid bodies (EBs) on day 2 of differentiation with 5 nM SAG in the presence of 1 mM RA yielded large numbers of En1-tdTomato fluorescent cells (39.1% ± 2.3%) by day 8 ( Figures 1A, 1B , S1A, and S1B). By comparison, MN differentiation from ESCs requires a 100-1,000 times higher SAG concentration, suggesting that, as in vivo, EBs respond to graded variations in Shh signaling to produce different ventral spinal neuron types (Briscoe and Ericson, 2001; Wichterle et al., 2002) .
Because En1 is also expressed in non-spinal populations, including midbrain dopaminergic neurons, we examined the expression of Hox TFs known to confer rostrocaudal regional identity to developing embryos (Dasen and Jessell, 2009 ). En1-tdTomato cells expressed spinal Hox TFs (e.g., Hoxc6, Hoxc8) while excluding more anterior Hox TFs such as Hoxa2, as well as Lmx1b, a TF induced in dopaminergic neurons, suggesting that these conditions exclusively generate spinal En1-lineage neurons (Figures S1C and S1E).
Importantly, stem cell-derived neurons recapitulate the steps of spinal V1 IN development. Many cells in day 5 EBs expressed markers of p1 progenitors that give rise to V1 INs, including Pax6 and Nkx6.2 ( Figure 1C ), whereas few cells expressed more dorsal markers Pax7 and Dbx1, or more ventral markers Nkx6.1 or Nkx2.2 (Figure S1D; Briscoe and Ericson, 2001; Pierani et al., 2001; Sternfeld et al., 2017; Wichterle et al., 2002) . Similar as in vivo, postmitotic cells expressed En1 protein only transiently; although 75% of lineage-traced cells were En1-positive on day 5, 13% were positive on day 6 and less than 10% on day 8. Foxd3, another TF involved in early V1 IN specification, was similarly broadly expressed in early postmitotic V1 INs but downregulated by later stages (Figures 1C and 1D; Saueressig et al., 1999; Stam et al., 2012) . By the time V1 IN differentiation peaked on day 8, virtually all En1 lineage-traced cells expressed the neuron-specific markers NeuN and synapsin as well as Pax2 and Lhx1/5, TFs implicated in inhibitory neuronal identity (Figures 1D and S1F; Burrill et al., 1997; Pillai et al., 2007; Sapir et al., 2004) . Importantly, we did not detect ectopic expression of markers of non-V1 spinal neurons (e.g., Evx1, Chx10, and Isl1/2, which label V0 INs, V2a INs, and MNs, respectively) ( Figures 1D and S1E Figure 2A ). En1 expression was absent in ESCs, highly induced on day 5, and decreased by day 8 (À0.41, 6.73, 3.98 log 2 transcripts per million [log 2 TPM], respectively). A similar pattern of expression was observed for the p1 progenitor marker Prdm12 (À0.73, 6.28, and 4.99 log 2 TPM, respectively) (Thé lie et al., 2015; Zannino et al., 2014) . Conversely, Foxp2, a gene encoding for a TF expressed in a subset of late-born V1 INs (Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012) , exhibited increasing expression over time, reflecting proper temporal regulation of molecular markers in stem cell-derived neurons.
Notably, V1 INs are inhibitory cells utilizing both gamma-aminobutyric acid (GABA) and glycine as a neurotransmitter. GABA is the dominant neurotransmitter in the embryo, whereas postnatal and adult V1 INs increasingly rely on glycine (Berki et al., 1995; Gao et al., 2001; Gonzá lez-Forero and Alvarez, 2005) . Accordingly, ES-V1 INs on day 8 revealed 5-and 10-fold induction, respectively, of the glutamate decarboxylase genes Gad65 (Gad2) and Gad67 (Gad1), required for GABA neurotransmitter synthesis, and a 3-fold induction of the glycine transporter GlyT2 (Slc6a5) (Figure 2A ). To examine whether in vitro-matured cells undergo a neurotransmitter switch, we cultured dissociated day 8 neurons for an additional week either on laminin and fibronectin substrate or on a monolayer of primary astrocytes, which has been shown to promote neuronal maturation (Chung et al., 2015; Clarke and Barres, 2013; Pfrieger and Barres, 1997) .
Immunostaining for Gad65, Gad67, and GlyT2 in these cultures ( Figure 2B ) revealed a significant increase in GlyT2-expressing ES-V1 INs on astrocyte monolayers compared with control conditions (41.8% ± 4.3% versus 9.2% ± 7.8%) ( Figure 2C ).
Next, to identify a set of genes that characterize ES-V1 INs, we compared their gene expression profile with dorsal dI4 spinal inhibitory INs. dI4 INs arise from a dorsal progenitor domain that expresses the TF Ptf1a and migrate into the dorsal and intermediate spinal cord (Glasgow et al., 2005) . To generate dI4 INs, we derived ESC lines from Ptf1a cre mice crossed to fluorescent reporter mice (Kawaguchi et al., 2002) and differentiated these with RA without the ventralizing signal SAG (Figures S2A and S2B) . Similar as in vivo, Ptf1a lineage-traced cells (hereafter referred to as ES-dI4 INs) transiently expressed Ptf1a protein during transition to the postmitotic state, followed by expression of the postmitotic markers Lbx1, Pax2, and Lhx1 and/or Lhx5 (Figures S2C and S2D; Glasgow et al., 2005) . We reasoned that comparison of V1 and dI4 neuronal classes would allow identification of genes specifically enriched in V1 INs while filtering out genes generic to spinal inhibitory INs. RNA-seq gene expression profiles of sorted day 8 ES-V1 and ES-dI4 INs revealed that both cell types expressed core inhibitory IN genes (e.g., Pax2, Lhx1/5, Gad65 and Gad67). However, we also identified a significant number of differentially expressed genes, with 466 genes enriched and 239 genes downregulated in ES-V1 INs compared with ES-dI4 INs ( Figure 2D ). Genes enriched in day 8 ES-V1 INs included En1, Foxd3, and Foxp2. In contrast, ES-dI4 INs expressed genes known to be involved in Ptf1a lineage development (e.g., Tfap2a, Tfap2b, Lbx1, and Npy) (Figures 2D and S2D; Wildner et al., 2013) . Importantly, comparison with published gene expression profiles of primary spinal cord V1 and dI4 INs at embryonic (embryonic day 12.5 [E12.5]) and early postnatal (post-natal day 0 [P0] and P5) stages positioned day 8 ES-V1 INs between E12.5 and P0 spinal V1 INs, indicating that in vitro-derived V1 INs share global gene expression with their embryonic spinal cord counterparts ( Figure 2E ).
Subtype Diversity of ESC-Derived V1 Interneurons
Directed differentiation of ESCs into V1 INs offered an opportunity to investigate the mechanisms that control V1 IN molecular and functional subtype diversification. We thus examined the expression pattern of the 19 TFs defining molecularly distinct V1 IN subtypes in vivo Gabitto et al., 2016) . Figure 3C ). Nevertheless, the distribution of individual V1 IN subtypes was somewhat divergent, with significantly fewer Pou6f2 and Sp8 V1 INs compared with in vivo Morikawa et al., 2009 ). RCs are a molecularly diverse V1 IN subtype characterized by the expression of the calcium-binding protein Calbindin (Cb) (Alvarez and Fyffe, 2007) . Although all RCs belong to the MafA clade, only two-thirds maintain expression of this clade marker, and not all MafA-expressing V1 INs are RCs . Besides MafA, specification and maintenance of RC identity is under the control of the Foxd3, Onecut1 (OC1), Onecut2 (OC2), and MafB TFs (Stam et al., 2012) . Immunohistochemical characterization revealed that, by day 8 of differentiation, up to 20% of ES-V1 INs expressed Cb ( Figure 3D ), with more than 90% of Cb-positive cells in day 8 EBs expressing the En1 lineage tracer (data not shown). Characterization of Cb-expressing ES-V1 INs revealed that they do not express the other clade TFs, particularly Foxp2, which is expressed in a broad V1 IN subset that is developmentally and functionally distinct from RCs (Figures 3D and S3C; Bikoff et al., 2016; Morikawa et al., 2009; Stam et al., 2012) . Conversely, more than 60% of Cb-positive ES-V1 INs expressed MafA, MafB, or OC2 ( Figures 3E, S3D , and S3E), markers associated with RCs in vivo. Interestingly, we did not detect complete overlap of these TFs in Cb-positive ES-V1 INs on day 8, consistent with their dynamic and variable expression in the spinal cord Sweeney et al., 2018) .
Retinoid Signaling Drives the Generation of Renshaw Cells
Prior studies delineated a transcriptional program that controls RC specialization within the V1 IN class (Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012) . However, it remained unknown whether extrinsic signaling factors control RC specification. As the firstborn V1 INs, RCs initially migrate to the lateral margin of the developing neural tube, adjacent to MNs and proximal to the developing somites. Nascent RCs then migrate ventrally, circumnavigating MNs to settle in the most ventral part of lamina VII (Alvarez and Fyffe, 2007; Moore et al., 2015; Thomas and Wilson, 1965) . Based on these observations, we speculated that signals emanating from the paraxial mesoderm, floor plate, and/or MNs might influence RC specification.
We first considered the contribution of RA and Shh because these constitute the principal patterning signals secreted from the developing somites and floor plate, respectively (Briscoe and Ericson, 2001; Jessell, 2000; Maden, 2002) . Removal of RA from culture medium during the p1 progenitor stage (day 4) resulted in fewer V1 INs generated overall (17.0% ± 2.6% versus 31.7% ± 2.1%), whereas removal of RA a day later had no adverse effect on V1 IN production (33.5% ± 5.2%) ( Figure S4A ), suggesting that maintained RA signaling up to day 5 is critical for the specification and/or survival of all V1 INs. In contrast, removal of SAG during early (day 4) or late (day 6) stages had no effect on V1 IN differentiation, indicating that SAG is required only during initial stages of p1 progenitor patterning ( Figure S4B ).
Despite not affecting overall V1 IN numbers, removal of RA on day 5 resulted in a significant decrease in MafA-and Cb-expressing neurons in day 8 EBs, with no effect on the Foxp2-expressing subset ( Figures 4A and 4B ). Conversely, treatment of cells with higher concentrations of RA (2 mM or 5 mM) on day 5 of differentiation resulted in a dose-dependent increase in Cb-expressing V1 INs, from 20.7% ± 2.9% under standard 1 mM RA conditions to 25.3% ± 4.3% and 30.3% ± 2.4% with 2 mM and 5 mM RA, respectively ( Figure S4C ), without affecting ES-V1 IN numbers (data not shown). Thus, sustained high RA signaling is critical for MafA expression and efficient generation of Cb-expressing RCs.
Although the paraxial mesoderm is a major source of RA during early spinal cord development, limb-innervating brachial MNs also express RALDH2, a rate-limiting enzyme for RA synthesis (Niederreither et al., 1997; Sockanathan and Jessell, 1998; Sockanathan et al., 2003; Swindell et al., 1999) . To determine whether MN-derived RA can influence RC specification, we mixed early day 5 ES-V1 progenitors with postmitotic limb-innervating ES-MNs generated through doxycycline-mediated induction of the brachial Hox TF Hoxc8 (iHoxc8) Tan et al., 2016) . Despite the absence of exogenous RA in the medium, co-culture of V1 INs with brachial MNs expressing RALDH2 ( Figure S4D ) resulted in a similar yield of Cb-expressing cells as when RA is maintained during differentiation ( Figure 4C ). In contrast, mixing of early ES-V1 INs with cervical ES-MNs, which do not express RALDH2 (Peljto et al., 2010) , did not increase the number of Cb-expressing cells. Importantly, the effect of limb-innervating MNs on RCs requires RA; mixing of ES-V1 INs with iHoxc8 MNs in culture medium lacking vitamin A, an RA precursor (Maden, 2002) , yielded significantly fewer Cb-positive ES-V1 INs ( Figure 4C ).
Notch Inhibition Promotes a Switch to the MafA Clade Identity
RCs are born earlier than other V1 INs, including the Foxp2expressing subtype (Benito-Gonzalez and Alvarez, 2012; Stam et al., 2012) . However, the molecular cues enacting this temporal program of neurogenesis have not been identified. Bromodeoxyuridine (BrdU) birthdating experiments revealed that ESCderived V1 IN subtypes are also generated in sequential order, with peak generation of ES-RCs on day 4 of differentiation compared with days 5-6 for the Foxp2 clade ( Figure 4D ). These observations suggest that stem cell-differentiated RCs recapitulate in vivo temporal development, raising the possibility that precocious differentiation of p1 progenitors could result in preferential production of this subtype in vitro.
Because timing of neurogenesis is controlled in many vertebrate CNS progenitor domains by Notch signaling, with high Notch activity maintaining neural progenitor status and low Notch activity promoting progenitor cell cycle exit and the onset of neuronal differentiation (Cepko, 2014) , we reasoned that Notch inhibition during early V1 IN differentiation might promote the generation of early-born cell types such as RCs. To test this hypothesis, we used the gamma-secretase inhibitor DAPT to pharmacologically inhibit Notch signaling in differentiating EBs . DAPT treatment on day 4-5 of ES-V1 IN differentiation resulted in an $31% increase in Cb-expressing V1 INs in day 8 EBs compared with untreated controls, with near-complete elimination of Foxp2-expressing cells (Figures 4F and S4E) . Importantly, overall V1 IN differentiation was not significantly altered by DAPT treatment ( Figure S4F ). Thus, Notch inhibition during a critical period of V1 neurogenesis increases RC generation at the expense of Foxp2-expressing V1 INs without affecting the overall number of V1 INs generated.
However, Notch inhibition is not sufficient to convert all p1 progenitors to the RC fate, given that the reduction in Foxp2-expressing cells far exceeds the increase in Cb-expressing cells. Figure 4E ).
This was confirmed with immunocytochemistry of day 8 EBs (Figures 4F, 4G , and S4G). DAPT treatment resulted in $96% of En1 lineage-traced cells adopting MafA, MafB, or OC2 identity ( Figure 4F ; data not shown). Furthermore, more than 95% of Cbpositive ES-V1 INs expressed MafA, MafB, or OC2 TFs under DAPT treatment conditions ( Figure 4G ). To confirm that the DAPT effects are due to Notch pathway inhibition, we performed V1 IN differentiation in an ESC line carrying the doxycyclineinducible dominant-negative form of the Notch coactivator Mastermind-1 (DnMaml1)  Figure S4H ). Induction of DnMaml1 on late day 3 of differentiation caused a significant increase in Cb and MafA cells, a reduction in Foxp2 cells overall, and near-elimination of Foxp2 and Pax2 inhibitory INs in particular ( Figure S4I ). Thus, Notch inhibition at the early progenitor stage promotes formation of the MafA clade while suppressing the generation of other V1 IN subtypes, especially the Foxp2-expressing population.
Functional Characterization of ESC-Derived Renshaw Cells
Efficient differentiation of neurons with molecular properties of RCs provided the opportunity to examine whether in vitro-generated RCs acquired subtype-appropriate functional properties. To examine the migratory properties of ESC-derived V1 INs, we transplanted EBs containing a mixed population of early postmitotic En1-GFP ES-V1 (day 5) and Ptf1a-tdTomato ES-dI4 INs (day 6) into the central canal of the embryonic chick neural tube at Hamburger-Hamilton stage 16 (HH16) (Hollyday and Hamburger, 1977) , an established proxy for assessing the in vivo functional properties of ESC-derived neurons (Peljto et al., 2010; Wichterle et al., 2002) . Four days after transplantation (HH30), we analyzed the distribution of cells along the dorsoventral axis of the spinal cord ( Figure 5A ). We partitioned the spinal cord into six equal bins along the dorsoventral axis and quantified the fraction of all transplanted cells in each bin. The majority of ES-V1 INs (>85%) migrated into the ventral spinal cord (bins 4-6) compared with only 3.3% of ES-dI4 INs, which, instead, preferentially migrated into dorsal bins 1 and 2 ( Figure 5B ). Furthermore, ES-V1 INs projected axons locally and ipsilaterally within the ventral funiculus, whereas ES-dI4 INs preferentially arborized in the dorsal spinal cord ( Figure S5A ).
We next examined whether different subtypes settle at different spatial positions within the ventral horn. Although Foxp2-expressing ESC-derived V1 INs were distributed broadly within the ventral horn, the majority of grafted Cb-expressing ES-V1 INs migrated into a region ventromedial to MN cell bodies and neurites ( Figures 5C and 5D ), similar to their normal distribution in the developing mouse spinal cord (Alvarez et al., 2013; Thomas and Wilson, 1965) . It is of interest that R-INs, the avian equivalent of RCs, occupy a more dorsal position (Wenner and O'Donovan, 1999; Xu et al., 2005) , indicating that the global positioning cues are conserved between chick and mouse and that mouse ES-RCs adhere to their species-and subtype-specific settling position following xenotransplantation.
RCs also differ from other V1-derived neurons based on their distinctive morphology and physiology. Cb-expressing RCs are smaller than other ventral INs, with larger input resistance compared with Ia inhibitory INs or MNs (Bui et al., 2003; Fyffe, 1990; Mentis et al., 2006) . In the postnatal mouse spinal cord, RCs have also been shown to fire high-frequency bursts of action potentials, but precisely when this firing pattern emerges during development has not been established (Eccles et al., 1961; Walmsley and Tracey, 1981) . We thus performed wholecell patch-clamp electrophysiology recordings to determine whether ES-RCs could be distinguished electrophysiologically from other ESC-derived V1 INs.
The subtype identity of intracellularly filled recorded cells was identified post hoc with Cb and OC2 immunoreactivity ( Figure 5E ). There was no difference in the resting membrane potential (RMP) or threshold voltage (V Thr ) ( Figure S5B ) between RC and other V1 IN subtypes. However, ES-RCs had increased input resistance and time constants and a significantly reduced rheobase, with a correspondingly smaller soma area ( Figures 5F-5H and S5C) , as reported for mouse RCs in vivo (Mentis et al., 2006) . Together, these results suggest that ES-RCs have increased membrane excitability compared with non-RC V1 INs, likely as a consequence of their smaller size ( Figure 5H ). There was no significant increase in the number of ES-RCs that fired burst-tonic trains of action potentials compared with non-RCs at this stage (Figures S5D and S5E; Bikoff et al., 2016) . Furthermore, there was no significant difference in the maximum firing frequency of burst-tonic firing cells in the two groups ( Figure S5F ), suggesting that, at the time of analysis, ES-RCs had not yet matured physiologically.
Monosynaptic Rabies Virus Tracing Reveals Motor Neuron Connectivity of ES-V1 Interneurons
The unique characteristic of RCs in the spinal cord is their ability to form recurrent synaptic connections with MNs (Figure 6A) . We adapted monosynaptic rabies virus (RABV) for retrograde tracing of neurons to examine synaptic connectivity between different V1 IN subtypes and MNs ( Figure 6B ; Wickersham et al., 2007a Wickersham et al., , 2007b . This modified SADB19DG-GFP RABV is pseudotyped with an avian envelope protein (EnvA) so that initial infection is restricted to MNs expressing the cognate TVA receptor, whereas deletion of the viral glycoprotein (DG) restricts viral spread to first-order premotor neurons. FACS-purified En1-tdTomato ES-V1 INs and TVA/G-proteinexpressing ES-MNs were co-cultured for 1 week prior to addition of the RABV. Efficient ($91%) transduction of MNs was detected after 24-48 hr ( Figures S6A and S6B) , whereas ES-V1 INs did not express SADDG-GFP RABV until 3-4 days after initial MN infection, consistent with the delay in trans-synaptic labeling in vivo ( Figure S6C ; Coulon et al., 2011; Jovanovic et al., 2010) .
We examined cells triple-labeled by SADDG-GFP, En1-tdTomato, and either Cb or Foxp2 to determine connectivity between MNs and different V1 IN subtypes. To take into account V1 IN subtype distribution in the culture, we calculated a connectivity index (C.I.) normalized to the average connectivity between V1 INs and MNs (see STAR Methods for a detailed explanation; Figures 6C, S6D, and S6E ). We determined that Cb-expressing RCs had a C.I. of 1.66 compared with 1.05 for Foxp2-expressing V1 INs and 0.77 for Cb and Foxp2 double-negative V1 INs, indicating that RCs are more likely to directly innervate MNs than other subtypes (Figure 6D) , consistent with in vivo observations (Zhang et al., 2014) .
Optogenetically Activated ES-Motor Neurons Preferentially Innervate Renshaw Cells
In contrast to multiple V1 IN subtypes innervating spinal MNs, RCs are the only known inhibitory IN cell type to receive innervation by MN collaterals (Figure 7A ; Alvarez and Fyffe, 2007) . To determine whether ES-RCs receive MN inputs, we examined transplanted En1-GFP cells for the presence of cholinergic innervation. To provide additional time for synapse elaboration, we examined chick spinal cord 7 days after transplantation (HH36). Immunostaining with Cb and the vesicular acetylcholine transporter VAChT, a marker of cholinergic synapses, revealed that transplanted Cb-positive cells in the ventral horn were selectively surrounded by VAChT puncta (Figures 7B and 7C) . The puncta are likely from MN collaterals, given that synapses from spinal cholinergic INs (C boutons) are not elaborated until early postnatal periods (Phelps et al., 1984; Wetts and Vaughn, 2001; Wilson et al., 2004) ; the puncta were negative for Kv2.1, a channel enriched at C boutons (Wilson et al., 2004) ; and RCs have not been shown to receive C boutons in vivo (Zagoraiou et al., 2009) .
To measure the extent of synaptic connectivity between MNs and RCs and to probe the functionality of the cholinergic synapses, we established co-cultures of Hb9::GFP ES-MNs and En1-tdTomato ES-V1 INs. Immunostaining of 2-week-old cultures revealed that ES-RCs receive significantly more VAChT inputs than non-RCs (66.4% ± 12.2% versus 29.7% 7.2%), respectively) ( Figures 7D, 7E, S7A, and S7B) .
To determine whether the synapses from MN axon collaterals onto RCs are functional, we used optogenetics-mediated MN stimulation coupled with whole-cell patch-clamp recordings of ES-V1 INs. ES-V1 INs were co-cultured with Hb9::GFP MNs expressing the light-sensitive ion channel channelrhodopsin-2 (ChR2) Figures 7F and S7C) . Brief pulses of light (25 ms) elicited single action potentials in MNs, which, in turn, depolarized and elicited action potentials in synaptically connected V1 INs, including molecularly identified RCs. Notably, RC responses were abolished using a combination of the cholinergic receptor blockers mecamylamine and atropine, confirming the cholinergic nature of neurotransmission on RCs ( Figure 7G ). Importantly, short latency ( Figures 7H and S7D ) and low response onset variability, or jitter, (Figures 7I, 7J, and S7E ) of the RC response to MN photostimulation Mentis et al., 2006; Shneider et al., 2009 ) confirmed that the MN-to-RC response was monosynaptic. Finally, we found that RCs were almost 4 times more likely to generate a depolarization compared with non-RC V1 INs after MN activation (Figure 7K) . Taken together, these transplantation and electrophysiological data indicate that ES-RCs exhibit appropriate functional properties and connectivity that distinguish them from other V1 INs.
DISCUSSION
The complex, highly coordinated motor sequences that constitute animal movement and behavior are the product of versatile motor circuits composed of hundreds of distinct spinal motor neuron and IN subtypes. Mechanisms controlling the specification of neuronal subtype identity and integration of individual nerve cells into functional circuits remain poorly understood, not least because of the complexity and limited access to the (legend continued on next page) developing spinal cord in vivo. Here we developed an experimentally accessible system for the differentiation of mouse ESCs into V1 INs and used this system to investigate the mechanisms contributing to the formation of distinct V1 IN clades and subtypes.
Sustained Retinoid Signaling Is Required for Renshaw Cell Differentiation
We found that sustained high retinoic acid signaling is necessary for the expression of both MafA and Cb, markers of RCs.
Although it is possible that RA is required for the survival of RCs, our observation that the total number of ES-V1 INs is unchanged in the absence of RA is consistent with a model in which the lack of RA results in re-specification of RCs into other subtypes of V1 INs. Our results suggest that early-born V1 INs migrating laterally toward the paraxial somites encounter high concentrations of RA, biasing their differentiation toward RC identity, whereas later-born V1 INs that settle farther away from the RA source acquire other subtype identities.
Prior studies have demonstrated significant differences in V1 IN subtype diversity along the rostrocaudal axis, including enrichment of RCs at forelimb-innervating segments (Francius et al., 2013; Sweeney et al., 2018) , suggesting that nascent neurons in vivo are exposed to different signaling microenvironments that act to confer region-specific cell type identity. In this context, it is interesting to consider whether local secretion of RA from limb-innervating motor neurons at the brachial and lumbar spinal cord contributes to specification of RCs. Our co-culture experiments demonstrate that RA secreted from limb-innervating motor neurons (Sockanathan and Jessell, 1998) is sufficient to increase the generation of RCs when differentiating cells are deprived of exogenous RA. Nonetheless, given that RCs are also present in the upper cervical spinal cord, where there are no RALDH2-producing MNs, and V1 subtype identity is not eroded in vivo under conditions in which MNs are ablated (Sweeney et al., 2018) , the precise role of MNs in the specification of V1 IN subtypes remains to be determined.
How retinoid signaling controls V1 IN subtype identity is also unknown. The ligand-bound RA receptors (RARs) directly activate the expression of secondary TFs, including Hox1-Hox5 paralogs Mazzoni et al., 2013) . Thus, Hox genes might control V1 IN segmental identity in vivo, including segment-specific IN subtype specification. Intriguingly, Hox paralogs are differentially expressed in V1 IN subpopulations along the rostrocaudal axis, and Hoxc9 À/À mutant mice have recently been shown to exhibit thoracic-to-limb transformations of V1 IN subtypes (Sweeney et al., 2018) .
Notch Inhibition Biases the Formation of Renshaw Cells
Notch signaling plays a critical role in controlling the timing of neurogenesis and acquisition of different cell fates in nascent neurons (Livesey and Cepko, 2001; Mizeracka et al., 2013; Tan et al., 2016) . Our finding that Notch inhibition results in nearly complete conversion of Foxp2-expressing V1 INs into MafA-, MafB-, and OC2-expressing cells suggests that Notch signaling directly controls V1 IN subtype identity. This conclusion is supported by our finding that Notch inhibition, even at late phases of V1 IN differentiation, when many Foxp2-expressing V1 INs are born, results in suppression of Foxp2 subtype generation and overproduction of MafA-expressing cells. Thus, inhibition of Notch does not simply promote cell cycle exit but also directs the fate switch from Foxp2 into MafA clade identity. Interestingly, Pou6f2 and Sp8 expression were also significantly regulated by DAPT. However, both clades represent relatively minor subpopulations generated during in vitro differentiation, indicating that additional mechanisms are likely required for their specification. It is of interest that prior genetic studies using mouse mutants of Notch effector genes did not find significant changes in V1 IN or RC specification (Marklund et al., 2010; Ramos et al., 2010; Stam et al., 2012) . We speculate that pharmacological inhibition of Notch signaling using DAPT produces a more penetrant effect by eliminating the potential for compensatory activation of other Notch receptors or ligands.
Although Notch inhibition is able to suppress nearly all non-RC transcriptional programs and activate robust expression of MafA, MafB, and OC2, it is not sufficient to induce comparably extensive expression of the late RC marker Cb. It remains to be determined whether the lack of Cb expression reflects a defect in proper maturation of induced RCs (e.g., failure to upregulate Cb) or whether these cells acquire non-RC MafA clade subtype identity and additional signals are required to promote and maintain RC fate.
Although it will undoubtedly require significant effort to dissect the mechanisms that contribute to the specification of each of the dozens of distinct V1 IN subtypes, our work lays a basic framework for studying how V1 IN diversity arises. The observation that in vitro differentiation yields comparable subtype diversity of V1 INs indicates that diversification of V1 INs is driven by an intrinsic transcriptional program, largely independent of the normal spinal cytoarchitecture and embryonic signaling environment. Progenitors in the p1 domain are likely undergoing changes in their competence to give rise to different subsets of V1 INs, whereas the final assignment of IN subtype identity is fine-tuned by extrinsic signals, such as Notch and RA, that act to influence the final proportions of V1 subtypes generated in the spinal cord. It will be interesting to determine whether similar mechanisms contribute to the diversification of other spinal and brain IN populations (Campbell et al., 2017; Hayashi et al., 2018; Tasic et al., 2016) .
Synaptic Specificity of ESC-Derived Renshaw Cells
Given our ability to robustly generate V1 INs from ESCs, including RCs, we used the system to investigate whether RC-MN synaptic connectivity depends on global positional cues within the intact spinal cord, as demonstrated for sensory-motor neuron connectivity (S€ urmeli et al., 2011) . Using a chick spinal cord transplantation paradigm, we show that transplanted mouse ES-RCs settle ventromedially relative to MNs, a position distinct from the location of endogenous chick R-INs (Wenner and O'Donovan, 1999; Xu et al., 2005) , suggesting that, although global positioning cues in the spinal cord are phylogenetically conserved, the cues are differentially interpreted by migrating mouse and chick RCs to reach divergent destinations. Importantly, our studies in ''scrambled'' co-cultures of ESC-derived spinal MNs and V1 INs revealed that RCs are capable of recruiting 2-3 times more MN contacts than other V1 INs, suggesting that synaptic specificity between RCs and MNs is, to a significant extent, controlled by intrinsic, cell type-specific recognition cues. Nevertheless, spatial cues, as evidenced by the selective migration and settling position of transplanted mouse ES-RCs in the chick spinal cord, are likely to contribute to the refinement and maintenance of RC-MN synaptic specificity. Our simplified co-culture system will facilitate further investigation of the molecular determinants that control the formation of physiologically relevant functional neural circuits. Enhanced understanding of these developmental processes will enable further deconstruction of the wiring of spinal circuits and provide access to simplified neural systems for modeling neurological diseases.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mouse embryonic stem cell lines were derived from the following previously published mouse strains: En1::cre or Ptf1a::cre mice were crossed to Rosa-LSL-tdTomato (Ai9 or Ai14) or RCE-LSL-eGFP fluorescent reporter mice (Kawaguchi et al., 2002; Kimmel et al., 2000; Madisen et al., 2010; Miyoshi et al., 2010; Sapir et al., 2004) . Male and female adult mice were used and maintained using standard husbandry and housing conditions. All experiments and procedures were performed according to NIH guidelines and approved by the Institutional Animal Care and Use Committee of Columbia University.
METHOD DETAILS
Mouse ESC derivation
For derivation of stem cell lines, we bred three mating age females and harvested blastocysts at timed pregnancy age e3.5 according to established protocols (Abbondanzo et al., 1993; Wong et al., 2010) . Genotyping was performed using primers detecting Cre (Chen et al., 2011) and/or GFP (A. Joyner Lab, Memorial Sloan Kettering) or Rosa (Jackson Laboratory).
Mouse ESC culture ESC culture for differentiation into spinal neurons was optimized based on previously published protocols Wichterle and Peljto, 2008) . ESCs were cultured in ES cell media containing ES D-MEM (EMD Millipore), 15% ES-grade fetal bovine serum (FBS) (ThermoScientific) and supplemented with 1% nucleosides (EMD Millipore), 1% non-essential amino acids (EMD Millipore), 2 mM L-glutamine (Life Technologies), 1% penicillin-streptomycin (pen-strep, Life Technologies) and 1000 U/mL Leukemia Inhibitory Factor (LIF, EMD Millipore). For inducible transgenic lines (Hoxc8-V5, DnMaml1-eGFP, NICD-V5), tetracycline-free FBS was used (Clontech). All ESC expansions were carried out on T-25/T-75 tissue culture flasks (Nunc) coated with 0.1% gelatin (EMD Millipore). For most experiments, ESCs were expanded on a monolayer of irradiated or mitomycin-C treated primary mouse embryonic fibroblasts (MEFs) (Globalstem, EMD Millipore) grown in media containing ES-MEM (EMD Millipore), 10% FBS (ThermoScientific), L-glutamine, and pen-strep. Media was exchanged every 2-3 days.
ESC-to-neuron differentiation and culture ESC-to-MN differentiation was performed as described in . Hb9::GFP , Hb9::Cd14-IRES-GFP/ChR2-YFP , and iHoxc8-V5 ESCs were plated at 2.5x10 5 cells/10 cm adherent tissue culture dishes (Nunc) in Differentiation Media containing Advanced D-MEM/F-12 (Life Technologies) and Neurobasal Medium (Life Technologies) at 1:1 ratio, 10% Knockout Serum Replacement (Life Technologies), 2 mM L-glutamine (Life Technologies), 0.1 mM b-mercaptoethanol (Sigma-Aldrich), and pen-strep. On Day 2 of differentiation, EBs were collected, spun down and split 1:4 into 10 cm non-adherent tissue culture dishes (Corning) and supplemented with 1 mM RA (Sigma-Aldrich) and 500 nM smoothened agonist (SAG, Calbiochem). Media was exchanged on Day 4 of differentiation with RA and SAG replacement. For induction of iHoxc8-V5, 3 mg/mL doxycycline (dox) was added on late Day 3. The endpoint of MN differentiation was Day 6, after which MNs were dissociated and sorted using FACS for co-culture studies. QUANTIFICATION AND STATISTICAL ANALYSIS Imaging All EB and mouse/chick spinal cord images were acquired with 20X, 40X oil or 63X oil objectives using confocal laser scanning microscope (LSM Zeiss Meta 510 or 780). For dissociated neuron cultures, images were acquired with Zeiss AxioObserver with Coolsnap HQ 2 camera (Photometrics) or LSM Zeiss Meta 510 or 780 with 10X, 20X, and 40X objectives. Images were analyzed offline using Image-J.
V1 and dI4 IN molecular marker analysis
Confocal images of EBs were taken at 20X objective and processed in Image-J for counting using the Cell Counter plugin for manual counting. The number of cells that co-expressed the marker and reporter was counted and divided by the total number of fluorescent reporter cells in the EB. At least five EBs were counted for each experiment with at least 3 independent experiments for calculation of mean ± SEM.
Transplants
To quantify migration of transplanted En1-GFP and Ptf1a-tdTomato fluorescent cells, spinal cord images were taken at 20X objective on confocal microscope and processed in Image-J. At least four transplants were used for either V1 or dI4 IN quantifications. Each image was aligned dorsoventrally and then divided into 6 equal bins and the number of reporter cells in each bin was counted to plot the fraction of total reporter cells in each of the bins. To quantify subtype migration of Cb or Foxp2-expressing V1 INs, 4-6 transplants were stained for both Cb and Foxp2 were examined. Multiple spinal cord images were overlayed and then an average spinal cord area was calculated. Subsequently, positional coordinates of Cb and Foxp2-expressing cells were determined using Image-J and normalized to the average spinal cord area, with the most dorsal/lateral positions represented as 1 and the most ventral/medial as 0. A scatterplot of subtype distribution was generated in MATLAB, while quantification of subtype position was performed by generating 20 different mediolateral or dorsoventral bins.
Dissociated cells
Cultured neurons on coverslips were immunostained and imaged using Zeiss AxioObserver inverted microscope with 20X or 40X objective. Typically, the entire glass coverslip was counted for total number of reporter cells and cells co-expressing protein of interest. At least 2 coverslips from each experiment was used, with at least 3 independent experiments, for calculation of mean ± SEM.
Statistics
Statistics were performed using two-tailed, unpaired Student's t test or one-way ANOVA. Relevant p values: *p < 0.05, **p < 0.01, ***p < 0.001.
DATA AND SOFTWARE AVAILABILITY
The accession number for the RNA sequencing data from ES-V1 and ES-dI4 INs reported in this paper is GSE1123277.
